The primary goal of this work is to demonstrate that the fractal geometry can be used to accurately model the rate and pressure performance behavior of highly heterogeneous reservoirs such as shale oil/gas reservoirs. There are multi-scale heterogeneities that can hinder modelling and diagnostic analyses, and the use of large stimulation treatments (e.g., multi-fractured horizontal wells) can further complicate the modeling of heterogeneous reservoir systems. The primary objective of this work is to provide analytical reservoir models and diagnostic interpretation relations that can be used to estimate the well and reservoir parameters for the case of a hydraulic fracture intercepting a horizontal well within a fractal reservoir.
• Period 2 (Fracture-reservoir interaction): "Radial-Fractal" or "Linear Fractal" at intermediatetransient times. This period can be subdivided into two sub-periods: (1) early-intermediate and (2) late-intermediate. The early-intermediate period is analogous to the bilinear flow regime for a finite-conductivity vertical fracture in an infinite-acting homogeneous reservoir, whereas the lateintermediate is analogous to the formation-linear flow regime observed at most times for a case with a very high conductivity vertical fracture and at later times for cases with a medium to high conductivity vertical fracture.
Introduction
The production of hydrocarbons from shale reservoirs has increased exponentially in the last decade. This increase is the result of strategies such as the drilling of horizontal wells and hydraulic fracturing treatments to create multiple hydraulic fractures in the formation along the wellbore. The development of mathematical models to describe the pressure and rate-transient performance behavior in these sorts of systems is very complex given the highly heterogeneous nature of the shale reservoirs, the geometry of the horizontal wells, and the creation of the multiple hydraulic fractures (at present, over 100 fracture treatment stages per well is not uncommon).
Given the randomness in the spatial distribution of the properties of highly heterogeneous reservoirs, such as naturally fractured reservoirs (NFRs) and shale reservoirs, the so-called "fractal theory" has been used to model the flow of fluids in these media. Based on the diffusion model presented by O'Shaugnessy et al. (1985) , Chang et al. (1990) modeled the flow toward a vertical well within a fractal reservoir and presented the analytical constant-rate solution for the single porosity case.
Valdes-Perez (2013) presented a naturally-fractured/dual porosity fractal reservoir model considering transient interporosity transfer. This model is capable of reproducing either transient or pseudosteady-state interporosity transfer conditions by the inclusion of the interporosity skin factor. Camacho-Velazquez et al. (2008) adapted the model presented by Metzler et al (1994) to consider the anomalous diffusion phenomenon in petroleum reservoirs. Such a phenomenon is represented by a foundational model which considers a fractional derivative of the pressure in the reservoir. CamachoVelazquez et al. (2008) presented the constant-rate and constant-pressure solutions in the Laplace domain as well as asymptotic solutions in the real domain.
The use of pressure transient data to evaluate hydraulic fracture stimulation treatments has been the subject of research for over fifty years. The seminal works developed by Gringarten et al. (1974) and CincoLey et al (1978) provided the basis for the diagnostic evaluation of hydraulic fracture treatments performed in vertical wells within homogenous reservoir systems. In an application paper, Cinco-Ley et al (1981) identified the flow periods that can be generated in this type of system and presented techniques to analyze the pressure transient data (i.e., pressure drop data) during such periods.
Using a similar approach as the one used by Cinco-Ley et al (1978) , Larsen et al (1991) modeled the flow towards a horizontal well intercepting a finite-conductivity vertical fracture within a 3D homogenous reservoir. In their work, the authors considered two geometries for the hydraulic fracture: (1) transverse circular fracture and (2) longitudinal rectangular fracture. In addition, Larsen et al (1991) and Larsen et al (1994) defined the flow periods that can be observed in wells intercepting either single or multiple hydraulic fractures.
In this paper, we have extended the models presented by Larsen et al (1991) to fractal reservoirs considering typical diffusion (i.e., the Chang et al. (1990) approach) and anomalous diffusion (i.e., the Camacho-Velazquez et al. (2008) approach) . To incorporate the naturally-fractured reservoir/dual porosity reservoir effects, we have considered the approach presented by Valdes-Perez (2013) as this combines the fractal and naturally fractured reservoir models.
Proposed Models
Assumptions Similar to Larsen et al. (1991) , we have considered two geometries for the hydraulic fractures. Fig. 1a shows the schematics of a horizontal well intercepting a circular transverse hydraulic fracture within a fractal reservoir and Fig. 1b shows the rectangular longitudinal hydraulic fracture case. The assumptions of the systems are summarized in Table 1 . The flow of fluids in the hydraulic fracture and in the fractal reservoir is governed by its corresponding diffusivity equation. For a circular fracture, the flow is modeled by the diffusivity equation in radial coordinates with a source term. This equation in its dimensionless form is:
(1)
For the rectangular fracture case, the flow is modeled by the diffusivity equation for a linear system with a source term, written in dimensionless form, our starting point is given as: (2) The flow within the fractal reservoir considering typical diffusion is modeled by
For the case of a fractal reservoir considering anomalous diffusion, the flow model is
Where γ=2 /[θ+2] . The definitions of the dimensionless variables are summarized in Table 2 . Where L r is the reference length. For the circular fracture it is equal to r f , whereas for a rectangular fracture it is x f Solution Procedure Given that the source term in the left hand side of Eq. 1 and Eq. 2 is variable, the solution for this "coupled" model has to be semi-analytical. The procedure we have used is the same applied by Larsen et al. (1991) . The workflow of this procedure is:
1. Discretize the fracture into N-segments. The discretization permits us to approximate the source term to a constant value for each segment. For a j-segment of a circular fracture, the diffusivity equation is approximated as
Whereas for a j-segment of a rectangular fracture, the diffusivity equation is approximated as (6) 2. Obtain the analytical general solutions in the Laplace domain for each one of the segments of the hydraulic fracture. Given that the source term is approximated to a constant value, Eqs. 5 and 6 can be solved using the Laplace transform. The general solution for a j-segment of the circular fracture is:
For a j-segment of a rectangular fracture, the general solution is:
3. Define a system of equations for 3N-unknowns. Since constants A j , B j and δq Dj are unknowns for each j-segment, a system of 3N equations must be defined and solved to determine such constants. The system of equations is defined by:
• Applying the inner boundary condition (constant-rate) to the general solution governing segment 1. For a circular fracture:
For a rectangular fracture:
• Applying the outer boundary condition (closed fracture) to the general solution governing
Where ξ D = r D for a circular fracture and ξ D =x D for a rectangular fracture:
• Establishing pressure continuity at each of the interfaces:
• Establishing the flowrate continuity at each of the interfaces:
• Establishing pressure continuity between each segment of the fracture and the fractal reservoir.
Where ξ D * is the middle point in the segment. The pressure in the fractal reservoir is the result of superimposing the constant rate solution of the diffusivity equation for fractal reservoirs over the area, A, of the segment (see Appendix A for more details).
For a fractal reservoir considering typical diffusivity, the pressure behavior is given by:
Similarly, for a fractal reservoir considering anomalous diffusion:
These models can be extended to the naturally-fractured/dual porosity reservoir case as:
Where the interporosity transfer function is defined by: Eq. 18 considers the anomalous diffusion phenomenon. To restrict it to the typical diffusion case, γ should be equal to unity and considered to be independent of the conductivity index, θ.
4. Solve the system of equations and evaluate the solution at the wellbore. For the results presented in this paper, we have used the "mldivide" function of MATLAB. Once the constants A j , B j and δq Dj (j=1, …, N) are determined, the solution is evaluated at the wellbore. For a circular fracture, the pressure at the wellbore is determined by:
Similarly, for a rectangular fracture:
The wellbore storage effects can be included using the classic (constant) wellbore storage relation in the Laplace domain:
To include the skin effect (i.e., using a choked fracture) for the circular fracture case, the effective wellbore radius should be used. For the rectangular fracture case, the skin factor should be added to the dimensionless drop of pressure without wellbore storage (24)
Apply the Stehfest algorithm to numerically invert the Laplace domain solution.
The Stehfest algorithm is implemented in MATLAB and has been tested for consistency and accuracy. In addition to the dimensionless pressure and rate solutions, we can also use the Stehfest algorithm to provide both the cumulative and the derivative of any given formulation in the Laplace domain.
Constant-Pressure Solution
We have applied Duhamel's principle to obtain the models for rate-transient analysis (i.e., the constant pressure solution taken from the constant rate solution). Duhamel's principle relates the dimensionless pressure and dimensionless rate in the Laplace domain as follows: (25) The dimensionless cumulative production at a given time is simply the integral of the dimensionless rate profile:
(26)
Discussion

Single Porosity Fractal Reservoir
In this section we present the results of our sensitivity analyses which consider the influence of key parameters for the fractal reservoir and the hydraulic fracture in terms of the pressure and rate transient performance behaviors. Based on the configuretion of the system, the expected diagnostic signatures for our proposed semi-analytical solution are:
• Period 1 (Fracture flow): Radial or linear flow (depending on the geometry of the fracture) at very early times. As in classic studies for the case of a single finite-conductivity fracture, this period will never be observed in practice.
• Period 2 (Fracture-reservoir interaction): "Radial-Fractal" or "Linear Fractal" at intermediate- • Period 3 (Reservoir dominated flow): "Pseudo-Fractal" flow. This flow period is dominated by the reservoir and yields power-law behavior (i.e., a straight line in the pressure drop and pressure derivative functions versus time on a log-log plot).
The schematics for the expected diagnostic signatures (i.e., the dimensionless pressure and dimensionless pressure derivative functions for the constant rate case) for the circular and rectangular fracture cases are shown in Fig 2 and Fig 3, respectively.
In Fig. 4 , we show the impact of the fractal dimension of the reservoir (D f ) on the behavior of the dimensionless pressure and dimensionless pressure derivative functions (constant rate case) for the circular fracture case, considering a "low" dimensionless conductivity. Based on the pressure derivative response, we observe that at late-transient times (dimensionless times greater than 1), pseudo-fractal flow is exhibited for all cases. However; at early-transient times (dimensionless times < 10 −2 ), for a fractal dimension of 1.5, a power-law response is observed, instead of the expected radial fracture flow regime. For each of the cases shown in Fig.4 only one sub-period of flow is observed at intermediate-transient times. These "subperiods" exhibit a power-law behavior that is the result of the interaction between the fractal reservoir and the circular fracture. Fig. 4 . At latetransient times (i.e., dimensionless times > 7), this case exhibits higher flowrates at higher values of the fractal dimension. However; at early and intermediate-transient times (dimensionless times < 7), the well exhibits higher flowrates at lower values of the fractal dimension. This behavior implies that the cumulative production of the well is higher for low values of the fractal dimension until a certain point in time, after which the cumulative production is higher for high values of the fractal dimension (see Fig. 6 for the cumulative production behavior). Similar to our previous comparisons for the circular fracture case, we now consider the rectangular fracture case -and we begin with the constant rate solution for the rectangular fracture case (as shown in Fig. 7 ) where we plot the dimensionless pressure and dimensionless pressure derivative functions. We do note a "spectra" of solutions based on the given fractal dimension (D f ) -in particular, the fractal dimension case of 2.5 shows the most "aggressive" behavior, where the D f = 1.5 case is the most "conservative." We present the constant pressure cases (i.e., the dimensionless rate and dimensionless rate derivative profiles) in Fig. 8 and the dimensionless cumulative production profile is shown in Fig. 9 -and we also note the "aggressive" and "conservative" behaviors as caused by the fractal dimension parameter (D f ) for these cases. We next consider the impact of the (fractal) conductivity index (θ) on the proposed constant rate and constant pressure solutions -and we begin with the constant rate, circular fracture case where the dimensionless pressure and dimensionless pressure derivative functions are shown in Fig. 10 . The influence of the conductivity index (θ) is similar to that for the fractal dimension case (D f ) -however; in the case of the conductivity index the features are much more "subtle" compared to the fractal dimension cases. The constant pressure cases are shown in Fig. 11 (i.e., the dimensionless rate and dimensionless rate derivative functions) and Fig. 12 (the dimensionless cumulative production functions) -and much like the constant rate cases, the influence of the conductivity index (θ) tends to be very precise, as in the case of the dimensionless rate derivative functions (Fig. 11) , which are essentially parallel over the entire time scale. Lastly, the dimensionless cumulative production profiles shown in Fig. 12 have very little independent character (i.e., the trends are almost indistinguishable over time). Finally, we consider the influence of the conductivity index (θ) for the constant rate and constant pressure cases for the case of a rectangular fracture of finite conductivity (see Figs. 13 and 14, respectively) . In Fig.  13 we note that both the dimensionless pressure and the dimensionless pressure derivative functions are dominated by the "linear flow" feature (1:2 slope) at early times (i.e., for t D < 10 −2 ), then by the fracturereservoir transient regime, followed by the fractal-influenced reservoir behavior.
We next present the constant pressure solution in Fig. 14 ( i.e., the dimensionless rate and dimensionless rate derivative functions) and we immediately note that these cases are essentially "mirror images" of their corresponding constant rate cases. This behavior is probably due to the uniqueness of this selection of parameters for this particular model. To finish this suite of comparisons, we present the dimensionless cumulative production profile for our selected cases (Fig. 15) and we find that all of the proposed flow regimes are observed -in particular, the early-time "linear flow" feature (1:2 slope) for t D < 10 −2 , then the fracture-reservoir transient regime, then the fractal-influenced reservoir behavior. In Fig. 16 , we illustrate the effect of the dimensionless fracture conductivity on our proposed solutions, in particular for the dimensionless pressure and dimensionless pressure derivative functions for the circular fracture case (constant rate case). Analogous to the non-fractal models, we have observed that the flow within the fractal reservoir dominates during all periods of flow at very low values of the dimensionless fracture conductivity (F cD =1 in Fig. 16 ). At high values of conductivity (e.g, F cd =150), the three expected periods of flow are well defined: (1) fracture flow for dimensionless time < 10 −2 , (2) fracturereservoir interaction period for dimensionless times between 10 −2 and 10, and (3) pseudo-fractal flow for dimensionless times > 10. For intermediate values of dimensionless fracture conductivity (e.g., F cD =10), the fracture flow and the interaction periods yield the expected power-law signatures, where this is a result of a narrower (or perhaps, shorter) fracture. Fig. 17 shows the influence of the dimensionless fracture conductivity on the rate-transient performance behavior for the circular fracture case -specifically the dimensionless rate and dimensionless rate derivative functions (constant pressure case). As expected, the highest dimensionless flowrate and dimensionless cumulative production profiles (see Fig. 18 for the dimensionless cumulative production profiles) are given by the higher values of the dimensionless fracture conductivity. We believe that the dispersions observed in the dimensionless rate derivative functions for dimensionless times > 30 as shown in Fig. 17 for the lowest dimensionless fracture conductivity case (i.e., F cD =1) are the result of numerical instabilities for small arguments of the modified Bessel functions in the solution for this particular case. The Stehfest algorithm (for numerical inversion) will amplify small scale instabilities, particularly for any derivative functions. The sensitivity analyses considering variations in the dimensionless fracture conductivity on our proposed solutions for the rectangular fracture case are shown in Fig. 19 and Fig. 20 , respectively. Again we use the dimensionless pressure (constant rate case) and dimensionless rate (constant pressure) solutions as appropriate. Using these plots we observe that the rectangular fracture cases have a very unusual "latetime" effect in that, for the constant rate case, the dimensionless pressure function appears to flatten, but the dimensionless pressure derivative function exhibits an approximate 1/4 slope that is decreasing (see Fig.  19 ). A similar feature is observed for the constant pressure case in Fig. 20 . The characteristic signature (i.e., unit-slope in the dimensionless pressure derivative function) of the "transition to reservoir" effect is observed over the dimensionless time period from 10 −2 to 10 −1 in Fig. 19 . We also note abrupt changes in the dimensionless rate derivative function over the dimension-less time period from 10 −2 to 10 1 (see Fig. 20 ) we believe that this is also a consequence of the "transition to reservoir" effect. The dimensionless cumulative production profile is shown in Fig. 21 , where we note that the early transient flow is dominated by the F cD -value (i.e., the higher the FcD value the higher the production during this period), we also not that the unit slope in the dimensionless cumulative production profile for dimensionless times >10 reflect an essentially constant flowrate at late times. 
Naturally-Fractured/Dual Porosity Fractal Reservoir with Typical Diffusion
To extend these models to naturally-fractured/dual porosity reservoirs, we have used the reservoir model presented by Valdes-Perez (2013), considering the "slab" model for the fracture-matrix systems of all of the cases considered in this work. This model considers transient interporosity transfer and can reproduce pseudosteady-state interporosity transfer conditions at high values of interporosity skin. Regardless of the interporosity transfer conditions, the model solution (as represented by the dimensionless pressure and dimensionless pressure derivative signatures) yields three distinct flow periods, as governed by the model parameters. A schematic log-log plot of the dimensionless pressure and dimensionless pressure derivative functions is shown in Fig. 22 . The following flow periods are evident for these case:
• Period 1 (fractal fracture network flow): Early-fractal flow -this period of flow is dominated by the properties of the fractal network and exhibits a power-law signature in both the dimensionless pressure and dimensionless pressure derivative functions (see Fig. 22 ).
• Period 2 (interaction between the fractal fracture network and the matrix blocks): The matrix blocks contribute fluid to the fractal fracture network. The dimensionless pressure and dimensionless pressure derivative functions exhibit a "combined" power-law behavior, different from the behavior observed in Period 1.
• Period 3 (single porosity fractal reservoir flow): Both porous media (i.e., the fractal fracture network and the matrix blocks) behave as a (total) single porosity fractal system. The dimensionless pressure and dimensionless pressure derivative functions should exhibit the same power-law behavior as that observed in Period 1.
As presented by Cinco-Ley et al. (1988) , a finite conductivity hydraulic fracture within a naturallyfractured/dual porosity reservoir can exhibit a maximum of twelve (12) sub-periods of flow. The number of sub-periods of flow that may be observed depends on the properties of the hydraulic fracture and the reservoir. In this section, we present selected cases that show the influence of the naturally-fractured/dual porosity effects on the transient performance of a horizontal well intercepting a single finite conductivity fracture. Fig. 24 we present the dimensionless rate and dimensionless rate derivative functions for the constant rate example cases presented in Fig. 23 . As expected, the trends in Fig. 24 confirm that the influence of the dimensionless hydraulic diffusivity of the matrix (η maD ) in the sense that the lower the value of the η maD -parameter, the lower the rate performance of these cases. The dimensionless cumulative production cases are presented in Fig. 25 and although there is relatively little character in these curves, it is clear that the highest production emanates from the cases with the highest value of the η maD -parameter. Fractal/Natnrally-Fractured/Dual Porosity Reservoir -Sensitivity to the η maD -Parameter: Rectangular Fracture Case In Fig. 26 we present three (constant rate) cases for the rectangular fracture case where we have varied the dimensionless hydraulic diffusivity of the matrix (η maD ) as follows: (1) high (η maD )=10 −4 ), (2) intermediate (10 −12 ), and (3) low (10 −20 ). These three cases exhibit linear flow (in the fracture) at very early times (dimensionless times < 10 −5 ). At intermediate-transient times (dimensionless times within the range 10 −3 to 10 2 ), the dimensionless pressure derivative signatures exhibit an apparent "transient radial flow" behavior, but we understand that this could also be interpreted as a very shallow power-law behavior. Lastly, we observe the influence of the naturally-fractured/dual porosity reservoir component, which manifests a latetime radial flow regime for dimensionless times > 10 4 . We acknowledge that these behaviors are uniquely dependent on the selection of the input parameters, and we can clearly see the evidence of the dimensionless hydraulic diffusivity of the matrix parameter (η maD ) during the intermediate and late times. The constant pressure cases are shown in Figs. 27 and 28. The dimensionless rate and dimensionless rate derivative functions reflect very closely the behaviors exhibited for the constant rate example cases presented in Fig. 26 (with the anomalies in the dimensionless rate derivative functions for the η maD -parameter values of 10 −12 and 10 −20 duly noted -these are artifacts of the character of the dimensionless rate for these cases). In Fig. 28 we present the dimensionless cumulative production and we clearly note that the η maD = 10 −12 and 10 −20 cases are quite similar across the entire time-scale, but that these cases differ significantly from the η maD = 10 −4 case. In this section we consider the influence of the storativity ratio (ω) for the naturally-fractured/dual porosity reservoir component of the solution. We first consider the constant rate cases for a single circular fracture of finite conductivity where we have varied the storativity ratio (ω) as follows: ω = 1 (high/homogeneous), ω = 10 −2 (intermediate), and ω = 10 −16 (very low) as shown in Fig. 29 . As expected, each case exhibits radial flow (in the fracture) at early times (dimensionless times < 10 −4 ). At intermediate-transient times (dimensionless times within the range 10 −4 to 10°), the dimensionless pressure derivative signatures exhibit a near-unity power-law behavior which reflects the transition to the fractal solution component. At late-transient times (dimensionless times > 10 1 ) we observe an approximate slope of 1:4 in the dimensionless pressure derivative profiles, which suggests that the response is now dominated by the fractal reservoir solution component. We next present the constant pressure cases in Figs. 30 and 31 (i.e., the dimensionless rate and dimensionless rate derivative functions are shown in Fig. 30 and the dimensionless cumulative production is shown in Fig. 31) . In relative terms, the dimensionless rate profiles in Fig. 30 roughly reflect the same features we observed for the dimensionless pressure solutions in Fig. 29 . However; the dimensionless rate derivative profiles shown in Fig. 30 are significantly affected by the "transition" features observed in the dimensionless rate profiles -in short, the dimensionless rate derivative profiles exhibit numerous artifacts that could make interpretation of these trends non-unique.
In Fig. 31 , we present the dimensionless cumulative production for these cases and we note that each case is strongly distinctive and that the behavior of these functions is uniquely related to the storativity ratio (ω) for the naturally-fractured/dual porosity reservoir component of the solution. Fractal/Naturally-Fractured/Dual Porosity Reservoir -Sensitivity to the ω-Parameter: Rectangular Fracture Case We continue to consider the influence of the storativity ratio (ω) on the naturally-fractured/dual porosity reservoir component of the solution, but now we move to the constant rate cases for a single rectangular fracture of finite conductivity. We use the following cases for the storativity ratio (ω): ω = 1 (high/ homogeneous), ω = 10 −4 (intermediate), and ω = 10 −10 (very low), where the dimensionless pressure and dimensionless pressure derivative profiles for these cases are shown in Fig. 32 . At very early times (dimensionless times < 10 −5 to 10 −2 , depending on the ω-parameter), we observe linear flow (in the fracture). Similar to the circular fracture case, for intermediate-transient times (dimensionless times within the range 10 −6 to 10 −3 for the ω = 10 −4 and 10 −10 cases, and dimensionless times within the range 10 −1 to 10 2 for the ω = 10° case) we observe a near-unity power-law behavior in the dimensionless pressure derivative signatures, which reflects the transition to the fractal solution component. At late-transient times (dimensionless times depending on the ω-parameter) we observe a very low power-law slope of 1:10 in the dimensionless pressure derivative profiles for the ω = 10° and 10 −4 cases. The constant pressure cases are presented in Figs. 33 and 34 (i.e., the dimensionless rate and dimensionless rate derivative functions are shown in Fig. 33 and the dimensionless cumulative production is shown in Fig. 34) . As with the circular fracture case, the dimensionless rate profiles in Fig. 33 roughly reflect the same features we observed for the dimensionless pressure solutions in Fig. 32 -and again (as in the circular fracture case), the dimensionless rate derivative profiles shown in Fig. 33 are significantly affected by the "transition" features observed in the dimensionless rate profiles. The dimensionless cumulative production profiles for these cases are shown in Fig. 34 , and as with the circular fracture cases, we note that each trend is quite unique and we believe that the behavior of these functions is exceptionally related to the storativity ratio (ω) for the naturally-fractured/dual porosity reservoir component of the solution. Fractal/Naturally-Fractured/Dual Porosity Reservoir -Sensitivity to the S int -Parameter: Circular Fracture Case In this section we consider the influence of the interporosity skin (S int ) on the naturally-fractured/dual porosity reservoir component of the solution. This is a fairly straightforward exercise, but it is important to recognize that the interporosity skin (S int ) is not an actual reservoir parameter, but is instead, an "additional/ imposed" dimensionless pressure drop. For the constant rate case of a single circular fracture of finite conductivity, we will test the solution behavior for S int = 0 (no "additional/imposed" dimensionless pressure drop) and S int = 0.1, which for this solution is a fairly large "additional/imposed" dimensionless pressure drop. We present the (constant rate) dimensionless pressure and dimensions less pressure derivative profiles for the S int = 0 and S int = 0.1 cases in Fig. 35 . As with all of our other sensitivity cases, we observe radial flow (in the fracture) at early times (dimensionless times < 10 −4 ). At intermediate-transient times (dimensionless times within the range 10 −4 to 10 3 ), the dimensionless pressure and dimensionless pressure derivative profiles exhibit a sharp response that reflects the transition to the fractal solution component. For the case of S int = 0, it appears that the solution simply "shifts" to an approximate power-law flow regime. For the case of S int = 0.1, we note a very strong response, particularly in the dimensionless pressure derivative profile where a "hump" feature appears (where such features are typically associated with wellbore storage distortion). We believe this behavior is a characteristic of the (relatively) large S int -parameter. At late-transient times (dimensionless times > 10 3 ) we observe an approximate slope of 1:4 in the dimensionless pressure derivative profiles, which suggests that the response is now dominated by the fractal reservoir solution component. The constant pressure cases are presented in Figs. 36 and 37 (i.e., the dimensionless rate and dimensionless rate derivative functions are shown in Fig. 36 and the dimensionless cumulative production is shown in Fig. 37 ). As has become a common observation, the dimensionless rate profiles in Fig. 36 roughly reflect the same features we observed for the dimensionless pressure solutions in Fig. 35 -and as has also been observed, the dimensionless rate derivative profiles shown in Fig. 36 are dramatically affected by the sharp features observed in the dimensionless rate profiles, which yield artifacts in the dimensionless rate derivative profiles (particularly so for the S int = 0.1 case). We present the dimensionless cumulative production for these interporosity skin (S int ) cases in Fig. 37 , we note (somewhat surprisingly) that the SWparameter only affects the intermediate time behavior of the dimensionless cumulative production profiles. Fractal/Naturally-Fractured/Dual Porosity Reservoir -Sensitivity to the S int -Parameter: Rectangulare Fracture Case We now consider the effect of the of the interporosity skin (S int ) on the naturally-fractured/dual porosity reservoir component of the solution for the constant rate case of a single rectangular fracture of finite conductivity. Similar to our efforts for the circular fracture cases, we will test the solution behavior for S int = 0 (no "additional/ imposed" dimensionless pressure drop), but because of the nature of the rectangular fracture, we will use S int = 0.01 for these cases (where we noted that S int = 0.01 is still a relatively large "additional/ imposed" dimensionless pressure drop, particularly for the rectangular fracture cases). We present the (constant rate) dimensionless pressure and dimensions less pressure derivative profiles for the S int = 0 and S int = 0.1 cases in Fig. 38 and we immediately note the existence of a very strong linear flow (in the fracture) signature at very early times (dimensionless times < 10 −5 ). At intermediate-transient times (dimensionless times within the range 10 −5 to 10 3 ), the dimensionless pressure and dimensionless pressure derivative profiles exhibit a sharp response that reflects the transition to the fractal solution component. As with the circular fracture example, for the case of S int = 0, it appears that the solution simply "shifts" to an approximate power-law flow regime and for the case of S int = 0.01, we note a very strong feature in the dimensionless pressure derivative profile where a "hump" appears. We believe this behavior is a characteristic of the (relatively) large S int -parameter. At late-transient times (dimensionless times > 10 3 ) we observe what appears to be slope of approximately 1:4 in the dimensionless pressure derivative profiles, which suggests that the response is now dominated by the fractal reservoir solution component.
The dimensionless rate and dimensionless rate derivative functions for the constant pressure rate cases are presented in Fig. 39 and it appears that the dimensionless rate profiles in Fig. 39 roughly reflect the same features we observed for the dimensionless pressure solutions in Fig. 38 (in fact, these profiles are almost "mirror" images). As has been the observation throughout this work, the dimensionless rate derivative profiles shown in Fig. 39 are dramatically affected by the sharp features observed in the dimensionless rate profiles, which yields significant artifacts in the dimensionless rate derivative profiles for the S int = 0.01 case. In Fig. 40 we present the dimensionless cumulative production for these interporosity skin (S int ) cases and we note that, for the rectangular fracture case, the S int -parameter significantly affects the character of the dimensionless cumulative production profiles. In our final comparison of dimensionless cumulative production profiles (see Figs. 45 and 46) , we note that in terms of the ultimate cumulative production, the anomalous diffusion phenomenon does "improve" the hydrocarbon "recovery" in a fractal reservoir -however; this observation may not be general and should only be considered as "guidance." Obviously, the selection of a model (any model) must be validated based on diagnostic comparison with the actual performance data and all geological, completion, and reservoir data should also be incorporated into the model selection process.
Summary
Ultimately, our goal is to demonstrate the viability of the fractal reservoir concept for the transient pressure and rate behavior of unconventional reservoirs. This simplified case considers a horizontal well intersecting a single hydraulic fracture, and while this concept can be generalized to consider an arbitrary number of fractures, the purpose of this simplified case is to establish the basis and feasibility of the concept from the standpoint of comparative behavior and diagnostic analysis functions. 
Appendix A
The superposition of the constant-rate solution for a fractal reservoir in the area of the hydraulic fracture follows the same scheme presented by Larsen et al. (1991) . For the circular fracture within a fractal reservoir considering typical diffusion case, where the superposition is defined by the integral: The integrals defined in Eqs. A.1 and A.2 should be performed numerically (in this work, we used Simpson's rule).
For the rectangular fracture within a fractal reservoir with typical diffusion case, we consider a subrectangle defined by x 1D , X 2D in the x-axis and y 1D and y 2D in the y-axis. The integration over the rectangular surface is made using radial coordinates by dividing the subrectangular into three segments. Then, the superposition for this case is given by: For the case defined by Eq. A.6, we used the adaptive quadrature method for the numerical integration.
